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Abstract: Coronavirus research has gained tremendous attention because of the COVID-19 pandemic,
caused by the novel severe acute respiratory syndrome coronavirus (nCoV or SARS-CoV-2). In this
review, we highlight recent studies that provide atomic-resolution structural details important for the
development of monoclonal antibodies (mAbs) that can be used therapeutically and prophylactically
and for vaccines against SARS-CoV-2. Structural studies with SARS-CoV-2 neutralizing mAbs have
revealed a diverse set of binding modes on the spike’s receptor-binding domain and N-terminal
domain and highlight alternative targets on the spike. We consider this structural work together
with mAb effects in vivo to suggest correlations between structure and clinical applications. We
also place mAbs against severe acute respiratory syndrome (SARS) and Middle East respiratory
syndrome (MERS) coronaviruses in the context of the SARS-CoV-2 spike to suggest features that may
be desirable to design mAbs or vaccines capable of conferring broad protection.
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1. Introduction

https://doi.org/10.3390/v13010134

In the past two decades, there have been three emergences of highly pathogenic
coronaviruses in humans. The current pandemic is due to the novel severe acute respiratory
syndrome coronavirus 2 (nCoV or SARS-CoV-2), which causes coronavirus disease 2019
(COVID-19) and surfaced in December of 2019 in Wuhan, China. As of 31 December 2020,
COVID-19 has been diagnosed in >83.4 million people globally and caused >1.8 million
deaths. The COVID-19 pandemic was preceded by a highly pathogenic human coronavirus
that emerged in the Middle East in 2012 [1]. Middle East respiratory syndrome coronavirus
(MERS-CoV) was responsible for 2494 cases of infection and 858 deaths. In 2003, the human
severe acute respiratory syndrome coronavirus (SARS-CoV) emerged in China. SARS-CoV
spread to 37 different countries and caused 8098 cases of infection, of which 774 (9%)
were fatal.
Vaccines are crucial to combat a worldwide pandemic but typically take years to
develop and distribute. Due to the severity of the current pandemic to humans, vaccines
have already been approved in record time, and several other vaccines and treatments
are currently undergoing Food and Drug Administration (FDA) approval. Since vaccines
are unable to confer immediate protection or treat those who have already been infected,
immediate solutions are also needed. The use of convalescent plasma from individuals
infected with COVID-19 has shown some promise in improving clinical outcomes and
decreasing viral loads [2–5]. Neutralizing monoclonal antibodies (mAbs) have also become
a powerful tool in providing prophylactic and therapeutic protection against emerging
viruses [6,7]. Due to the propensity of viruses to mutate and develop resistance mutations,
it is important to consider treatments and vaccines that are more universal.
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SARS-CoV-2, SARS-CoV, and MERS-CoV are all betacoronaviruses, so they have a
similar single-stranded, positive-sense RNA genome structure [8,9]. SARS-CoV-2 and
SARS-CoV are more closely related to each other than to MERS-CoV and utilize similar
host cell entry mechanisms [10]. The coronavirus spike glycoprotein, S, a trimeric assembly
that protrudes from the virion surface, plays a critical role in initiating viral infection. S is
responsible for coronavirus attachment to the host cell surface receptor and fusion of viral
and host cell membranes [11]. Neutralizing mAbs target S and prevent viral entry into
host cells, thereby reducing the severity of primary infection and the onset of disease.
Nanobodies or VHHs, which contain only a variable heavy domain, have also shown
promise and display certain advantages over mAbs. In particular, VHHs have smaller
footprints than antibodies that allow them to interact with hard-to-reach regions of the
spike. VHHs can also be expressed in bacteria in high yields, have higher thermal stability
and chemostability than antibodies, and can be administered by an inhaler directly to the
respiratory tract, the most common site of SARS-CoV-2 infection [12].
In this review, we describe recent insights into the structural conformation of the
SARS-CoV-2 spike, particularly as it relates to exposure of mAb epitopes. We highlight
the different mAb epitopes on SARS-CoV-2 S based on high-resolution structural data
and describe alternate epitopes on SARS-CoV and MERS-CoV spikes as well, which
might identify new immunogenic regions on SARS-CoV-2 S or cross-neutralizing mAbs.
Using this information, we suggest approaches that could lead to more effective therapies.
We also highlight alternate target sites and those that might elicit broader responses.
These strategies are based on our current understanding of interactions between the viral
spikes and known neutralizing mAbs and incorporate lessons from studies with other
viruses. Since more than 74,000 SARS-CoV-2 isolates already exist and since more can
arise [13], structural information can be harnessed for modifying or improving existing
vaccine designs and therapeutic strategies and for assessing the efficacy and quality of
vaccine responses.
2. Structural Organization of the Spike
Like the spikes of SARS-CoV and MERS-CoV, the SARS-CoV-2 spike, S, is a trimeric
class I fusion protein and can be divided into the receptor-binding S1 and the membraneanchored S2 subunits (Figure 1A) [14–16]. Each S1 subunit contains an N-terminal domain
(NTD) and a receptor-binding domain (RBD), sometimes referred to as the C-terminal
domain (CTD). The RBD can be further subdivided into a fairly conserved core region
and a more variable receptor-binding motif (RBM) [15]. The RBM of SARS-CoV-2 interacts
with the host cell receptor, angiotensin-converting enzyme 2 (ACE2) (Figure 1B). SARSCoV utilizes the same receptor [17,18], but MERS-CoV uses dipeptidyl peptidase 4 (DPP4)
instead [19]. The S2 subunit contains the fusion machinery of the spike.
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Figure 1. Structure and conformations of the SARS-CoV-2 trimeric spike protein. (A) Domain architecture of SARS-CoV-2 S,
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which occurs after proteolytic activation at the S1/S2 boundary (Figure 1B) [35]. S1 dissociates, or “sheds”, and conformational changes allow the fusion peptide, which is rich
in hydrophobic residues, to insert into the host cell membrane [15,36,37]. S2 forms an
elongated structure, and the two heptad repeats, HR1 and HR2, eventually form a six-helix
bundle to complete the fusion process and deliver the viral genome into the cytoplasm [16].
5. Viral Defense Mechanisms for Antibody Evasion
The importance of the viral spike to host cell entry makes it an ideal target for the
immune system. SARS-CoV-2, however, evades the host immune response through conformational heterogeneity, glycosylation, mutation, and host peptide mimicry.
RBM-specific antibodies can sterically hinder ACE2 binding, making the RBM an ideal
target for the immune system. The virus, however, effectively evades antibody binding
to the RBM and certain parts of the RBD through conformational heterogeneity. S has
been observed with either zero, one, two, or three RBDs in the up state, and the RBM is
concealed when in the down state. In the case of SARS-CoV-2, the RBD is primarily in
the down state [14], whereas in MERS- and SARS-CoV, it is primarily in the up state [23].
This evasion likely contributes to the high virulence of SARS-CoV-2. Moreover, while the
RBD core structure is the same in both up and down states, small conformational changes
do occur in other parts of the trimer. The NTD shifts slightly between RBD up and down
states (Figure 1B) [38], and the conformation of the receptor-binding loop of SARS-CoV
changes upon ACE2 binding [39]. However, the effects on antibody recognition through
these changes are not yet well characterized.
Glycosylation also plays a role in influencing the conformation of the RBD, as well as
masking S from antibodies. There are 22 N-linked glycosylation sites (Figure 1A) along each
SARS-CoV-2 S protomer (23 in the case of SARS-CoV) [40]. Some glycans are found near
the receptor binding site, providing steric shielding from antibody binding and stabilizing
the RBD in the up state [40–44]. S has a lower oligomannose-type glycan content (~30%)
compared to spikes from the more evasive viruses HIV-1, influenza, and Lassa (>50%),
leading to a less dense glycan shield and more accessibility to antibodies [41,45–47].
RNA viruses are prone to mutation, and variants of SARS-CoV, MERS-CoV, and SARSCoV-2 have been identified [48]. Amino acid changes have been observed across the entire
spike, including some glycosylation sites [44,49]. Several of these changes alter the binding
of neutralizing mAbs to SARS-CoV-2, as well as SARS-CoV and MERS-CoV [44,50–52]. For
example, the prevalent D614G variant of SARS-CoV-2 has shown resistance to a selection
of neutralizing mAbs, including 4-fold increased EC50 to several mAbs targeting the
RBM and RBD core regions of S [44,49]. This provides another means of immune evasion,
although the mutation rates of coronaviruses are much lower than those of rapidly evolving
pathogens such as HIV-1 and influenza [53].
The SARS coronaviruses also evade immune surveillance by mimicry of host peptides.
For example, the SARS-CoV-2 S1/S2 cleavage site mimics an identical furin-cleavable
peptide on the human epithelial sodium channel α-subunit [54]. Several peptides encoded
by SARS-CoV-2 and SARS-CoV, including at the S2 domain, were also found to have
high sequence homology with human proteins [55,56]. Moreover, these similarities have
been found in human peptides known to bind MHC class-I molecules, identifying peptide
mimicry as a mode of immune evasion by SARS-CoV-2 [57].
6. Anti-SARS-CoV-2 Neutralizing Epitopes
Despite viral defense mechanisms, mAbs and VHHs that target SARS-CoV-2 S have
been identified and characterized. Most mAbs have been isolated from COVID-19 convalescent patients, though some derive from SARS-CoV patients or from transgenic mice. VHHs
have been produced from immunization of llamas or alpacas or from synthetic libraries.
Numerous three-dimensional structures of mAbs and VHHs in complex with S, either as a
full trimeric ectodomain or as an isolated recombinant RBD, highlight immunodominant
regions. Most mAbs against SARS-CoV-2 that have been structurally characterized target
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the RBM, although some RBD core- and NTD-specific mAbs have been characterized as
well (Table 1). Comparisons with mAb epitopes on SARS-CoV and MERS-CoV S, as well
as on spikes of unrelated viruses, provide insight into additional epitopes on SARS-CoV-2
that could be targeted by neutralizing mAbs. These potential new epitopes on S could
inform the design of antigens to isolate mAbs against such sites that may offer broader
protection, and the development of new combination therapies to prevent or overcome
viral resistance. It is important to note that the most significant component of neutralizing
epitopes are certain residues that make contacts with interacting mAbs. Even a single
residue mutation may result in drastically different mAb neutralization potentials, despite
the possibility of maintained binding affinities [58].
Table 1. SARS-CoV-2 mAbs and VHHs whose high-resolution structures have been determined.
Epitope

RBM Class I

RBM Class II

IC50 # /IC50
(ng/mL)

##

Characteristics

Refs

Abs/Nbs and IDs *

Heavy V Gene

Light V Gene

CC12.3 (6XC4)

IGHV3-53

IGKV3-20

18/26

[59]

CV30 (6XE1)

IGHV3-53

IGKV3-20

30/118

[60]

COVA2-04 (7JMO)

IGHV3-53

IGKV3-20

220/2500

[61]

BD-629 (7CH5)

IGHV3-53

IGKV3-20

6/–

[62]
Epitope directly overlaps
that of ACE2. MAb
binding mode also
mimics ACE2 binding,
requiring RBD to be in
the up state. All
members are
strain-specific and many
have IGHV3-53 or
IGHV3-66 heavy chain
gene usage with a variety
of light chains.

C102 (7K8M)

IGHV3-53

IGKV3-20

34/–

C105 (6XCM)

IGHV3-53

IGLV2-8

26.1/–

COVA2-39 (7JMP)

IGHV3-53

IGLV2-23

36/54

CC12.1 (6XC2)

IGHV3-53

IGKV1-9

19/120

BD-604 (7CH4)

IGHV3-53

IGKV1-9

5/–

BD-236 (7CHB)

IGHV3-53

IGKV1-9

37/–

B38 (7BZ5)

IGHV3-66

IGKV1-9

–/177

CB6 (7C01)

IGHV3-66

IGKV1-39

23/36

REGN10933 (6XDG)

IGHV3-11

IGKV1D-33

6.4/5.6

S2H14 (7JX3)

IGHV3-15

IGLV6-57

900/–

[69]

CV07-250 (6XKQ)

IGHV1-18

IGLV2-8

–/3.5

[70]

S2E12 (7K4N)

IGHV1-58

IGKV3-20

2.3/4.2

[71]

P2B-2F6 (7BWJ)

IGHV4-38-2

IGLV2-8

50/410

[72]

BD-368-2 (7CHC)

IGHV3-23

IGKV2-28

1.2/15

[62]

CV07-270 ** (6XKP)

IGHV3-11

IGLV2-14

–/82.3

S2H13 (7JV2)

IGHV3-7

IGLV7-46

500/–

C002 (7K8S)

IGVH3-30

IGVK1-39

8.9/–

C104 (7K8U)

IGHV1-46

IGLV2-14

23.3/–

C119 (7K8W)

IGHV4-34

IGKV3-20

9.1/–

C121 (7K8X)

IGHV1-2

IGLV2-23

6.7/1.6

H11–D4 (6YZ5)

IGHV3-3

NA

900

ˆ /–
ˆ /–

Epitope directly overlaps
that of ACE2, but less so
than Class I members so
they can bind RBD that is
up or down. Clashes
with ACE2 can also
occur. Gene usage varies
among this class. All
members are
strain-specific.

[63]
[64]
[65]
[59]
[62]
[62]
[66]
[67]
[68]

[70]
[69]
[63]
[63]
[63]
[63]
[73]

H11–H4 (6ZHD)

IGHV3-3

NA

300

[73]

Sb23 (7A29)

IGHV3-3

NA

600/–

[74]

Ty1 (6ZXN)

IGHV3-48

NA

770/–

[75]
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Table 1. Cont.
Epitope

IC50 # /IC50
(ng/mL)

##

Abs/Nbs and IDs *

Heavy V Gene

Light V Gene

2–4 (6XEY)

IGHV1-2

IGLV2-8

394/57

S2M11 (7K43)

IGHV1-2

IGKV3-20

2.1/1.2

C144 (7K90)

IGHV3-53

IGLV2-14

6.9/2.6

BD-23 (7BYR)

IGHV7-4-1

IGKV1-5

4800/8500

Nb20 (7JWB)

IGHV3-66

NA

1.5/0.7

Nb6 (7KKK)

IGHV3S53

NA

30,000/15 $

S309 *** (6WPS)

IGHV1-18

IGKV3-20

190/79

C135 (7K8Z)

IGHV3-30

IGKV1-5

16.6/3

C110 (7K8V)

VH5-51

VK1-5

18.4/–

REGN10987 (6XDG)

IGHV3-30

IGLV2-14

6.1/6.3

2–43 (22,275)

IGHV1-2

IGLV2-14

71/3

CR3022 *** (6W41)

IGHV5-51

IGKV4-1

–/114 †

EY6A (6ZCZ)

IGHV3-30-3

IGKV1-39

–/70–20,000

S2A4 (7JVC)

IGHV3-7

IGLV2-23

3500/–

S304 *** (7JW0)

IGHV3-13

IGKV1-39

>5000/–

H014 *** (7CAH)

IGHV1-69-2

IGKV6-21

450/5700

S2X35 (7JXE)

IGHV1-18

IGLV1-40

500/–

VHH-72 *** (6WAQ)

IGHV3-3

N/A

200 ˆ /–

RBM Class III

RBD Core,
Cluster I

RBD Core,
Cluster II

4A8 (7C2L)

IGHV1-24

IGKV2-24

49,000/390

4–8 (22,158)

IGHV1-69

IGLV3-1

32/9

NTD

Characteristics

Refs

Similar properties as
Class II, except these
antibodies make contact
with nearby RBDs in
addition to the one(s)
they are bound to. This
limits conformational
motions and some of
them even lock the trimer
in a closed state. Gene
usage varies among this
class. All members are
strain-specific.

[76]

Prevent ACE2 from
binding by either
clashing with ACE2 or
locking the trimer in a
closed conformation.
Gene usage varies
among this class. S309
can cross-neutralize
SARS-CoV and
SARS-CoV-2.

Bind a cryptic epitope
that is accessible only
when the RBD is up and,
in some cases, open as
well. These members are
capable of disrupting the
trimer and promoting S1
shedding. Gene usage
varies among this class.
CR3022 † , EY6A, S304,
H014, VHH-72 can
cross-neutralize
SARS-CoV and
SARS-CoV-2.
MAbs of this class that
have been structurally
characterized thus far are
strain-specific.
Neutralization
mechanism is unknown
but may occur by
preventing
conformational changes
necessary for fusion, or
by steric interference
with ACE2 on virions.

[71]
[63]
[77]
[78]
[79]
[80]
[63]
[63]
[68]
[76]
[81]
[82]
[69]
[69]
[83]
[69]
[84]

[85]

[76]

* Structural ID provided (PDB ID or EMDB ID); ** autoreactive; *** cross-reactive with SARS-CoV; # IC50 from pseudovirus assay;
## IC from assay using live virus; ˆ Fc fusion was used; $ trimerized nanobody was used; † conflicting neutralization reports across studies.
50
Dashes indicate data are not available.
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6.1. Receptor-Binding Domain: The Receptor-Binding Motif
MAbs that bind to the RBM block ACE2 binding and thereby prevent viral entry into
host cells (Figure 2A). Structurally characterized RBM-binding mAbs fall into different
functional classes, and some can be further separated into clusters based on epitope and
approach angle.
6.1.1. RBM Class I—Direct ACE2 Competitors That Bind Up RBD
RBM Class I is the largest group of structurally characterized mAbs against the SARSCoV-2 S RBM (Table 1). These mAbs have extensive overlap with the ACE2 epitope and
can only bind when the RBD is in the up state since the ACE2 epitope is occluded in the
down state. Moreover, IgG binding to the up state of the RBD can create a possibility for
inter- or intra-spike crosslinking [63].
A close look at the complexes with S of RBM-specific Class I mAbs, determined by
X-ray crystallography or cryo-electron microscopy (cryo-EM), reveals that these mAbs,
except for S2E12 [71], display two general binding modes, depending on the length of their
CDRH3 loop (Figure 3A). Those with short CDRH3 (~7–11 amino acids) form the majority
of Class I mAbs and all of these “Cluster I” mAbs bind with nearly identical approach
angles and similar footprints on the RBM (Figure 3A). These include the following mAbs
isolated from the sera of convalescent COVID-19 patients: B38 [66], CB6 [67], C102 [63],
C105 [64], CC12.1 [59], CC12.3 [59], CV30 [60], COVA2-04 [61], BD236 [62], BD-604 [62],
BD-629 [62], and a mAb isolated from a transgenic mouse: REGN10933 [68]. They use their
heavy chain to interact with the RBD ridge and their light chain to interact with the flat
surface of the ACE2 binding site. Most of these mAbs, except REGN10933, have IGHV3-53
or IGHV3-66 heavy chain gene usage. Of note, IGHV3-66 is identical to IGHV3-53 except
for one amino acid substitution located in a non-CDR region [64]. Germline-encoded
residues make key interactions with the RBM. In particular, these mAbs typically have
“NY” and “SGGS” sequence motifs in their CDRH1 and CDRH2 loops, respectively, that
are critical for binding the RBM. REGN10933 is an exception in that it only has the “NY”
motif. These mAbs typically overlap with RBD sites that contact the K353 and K31 hotspots
of ACE2. The heavy chains dominate interactions with S, explaining the similarity in their
epitopes, despite having different light chain gene usages.
RBM-specific Class I Cluster II mAbs with long CDRH3 loops (at least 15 amino
acids) bind to the RBM with a different binding mode in which the antibody fragment
antigen-binding (Fab) domain is rotated 180 degrees along its long axis, swapping the
relative orientations of the heavy and light chains (Figure 3A). In this case, the heavy chain
interacts with the flat surface of the ACE2 binding site, and both heavy and light chains
interact with the RBD ridge. MAbs COVA2-39 [65], COVA07-250 [70], and S2H14 [69], from
the sera of COVID-19 convalescent patients, fall into this category and bind similarly to one
another, angled more to the exterior of the trimer. Of note, COVA2-39 also uses IGHV3-53,
illustrating this gene’s versatility in producing mAbs with different binding modes [65].
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variable heavy chain (blue) and light chain (cyan) are shown; constant domains are omitted for clarity. Representative
members are shown for each class: CC12.3 from RBM Class I, Cluster I (PDB ID 6XC4 [59]), COVA2-39 from RBM Class
I, Cluster II (PDB ID 7JMP [65]), P2B-2F6 from RBM Class II (PDB ID 7BWJ [72]), S2M11 from RBM Class III (PDB ID
7K43 [71]), and CR3022 (left) and S309 (right) from RBD Core (PDB IDs 6W41 [86] and PDB ID 6WPS [80]). (B) RBM Class
III antibodies that lock the trimer in a “closed” state. Side and top views are shown for a representative antibody (S2M11)
bound to the SARS-CoV-2 trimer (PDB ID: 7K43 [71]). Glycans are shown as green sticks and the location of an N343 from a
single protomer is indicated. (C) SARS-CoV-2 NTD epitope. Side view of SARS-CoV-2 trimer (PDB ID 6X2A [20]) shown as
gray cartoon with one RBD in the up state (shown as purple cartoon with gray surface). A zoomed in view of the NTD is
shown with a representative NTD-specific antibody (4A8, PDB ID 7C2L [85]) bound. Antibody variable heavy chain (blue)
and light chain (cyan) are shown; constant domains are omitted for clarity. (D) Epitopes of coronaviruses. Representative
antibodies are shown as colored surface: cyan for CC12.3 from RBM Class I (PDB ID 6XC4 [59]), green for P2B-2F6 from
RBM Class II (PDB ID 7BWJ [72]), blue for S2M11 from RBM Class III (PDB ID 7K43 [71]), yellow for CR3022 and magenta
for S309 from RBD Core (PDB IDs 6W41 [86] and PDB ID 6WPS [80]), orange for 4A8 from NTD (PDB ID 7C2L [85]), and
purple for G4 from anti-MERS-CoV S2, (PDB ID 5W9H [87]). Glycans are shown as green sticks. Potential epitopes are
indicated with red circles.

6.1.2. RBM Class II—ACE2 Blockers That Bind Up and Down RBD
RBM-specific Class II neutralizing members consist of mAbs isolated from COVID-19
convalescent patients and VHHs isolated from immunizations of llamas or alpacas or from
synthetic libraries (Table 1). Structures of their complexes have revealed that these mAbs
and VHHs bind with an angle further from the center of the trimer, almost orthogonally
relative to ACE2, allowing them to bind the RBD in the up or down states. Like Class I
mAbs, neutralization can occur by preventing ACE2 from binding, though some Class II
members may also neutralize the virus by inducing S1 shedding by trapping the RBDs
in the up state (Figure 2C). This premature conversion to the postfusion state prevents
viral–host membrane fusion.
RBM-specific Class II members (mAbs P2B-2F6 [72], BD-368-2 [62], CV07-270 [70],
S2H13 [69], C002 [63], C104 [63], C119 [63], and C121 [63] and VHHs H11-D4 [73], H11H4 [73], Ty1 [75], and Sb23 [74]) have epitopes that overlap with those of ACE2 even less
than Class I members (Figure 3A). They recognize an epitope found within the crevice
formed by the RBM β-hairpin, and many of them overlap with Y449, a residue also
recognized by ACE2 [22]. MAbs C002, C104, C119, and C121 and VHHs H11-D4 and
H11-H4 are exceptions and overlap with other ACE2 contacts, most notably E484 and/or
Q493 [63,73]. Additionally, heavy or light chains of Class II mAbs clash with one side of
ACE2 bound to the same RBD. Their constant domains could also potentially clash with
dimeric ACE2. Moreover, when bound to an RBD in the down state, both mAbs and VHHs
of this class clash with an ACE2 binding to a nearby RBD in the up state. Due to their
proximity to a nearby RBD, these mAbs and VHHs could potentially stabilize the spike in
a certain conformation and prevent “breathing” motions of the RBD. Despite their similar
epitopes, no common variable region gene usage is observed among this class, although
several of the VHHs use IGHV3-3.
6.1.3. RBM Class III—ACE2 Blockers with Quaternary Epitopes
A prominent distinguishing feature between Class III RBM-directed mAbs and those
of Class I and Class II is the interaction of these mAbs with RBDs of nearby protomers in the
down state, potentially locking the spike in a closed conformation and preventing access
to the ACE2 binding site (Figure 2B, Table 1). While our examination of these structures
would suggest that these mAbs can bind to a single RBD in the up or down state, these
interactions are not observed, indicating that elements from at least two RBDs in the down
state are necessary for binding by each Fab.
The structures of mAbs BD-23 [77], 2–4 [76], C144 [63], and S2M11 [71] and VHHs
Nb6 [79] and Nb20 [78] in complex with the prefusion-stabilized SARS-CoV-2 S trimer
show that they bind near the trimer apex, straddling the interface between two RBDs, and
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can potentially interact with the N343 glycan of the nearby protomer’s RBD (Figure 3A,B).
The structure of S in complex with S2M11 showed that the N343 glycan was rotated by 45◦
relative to that in complex with S309, a non-RBM mAb, suggesting that contacts made with
this glycan are significant [71]. Even though nanobodies have a smaller footprint, the Nb6
heavy chain interacts with a similar site on S as the heavy and light chains of the mAbs.
Several of these mAbs, including BD-23 and 2–4, have also been suggested to interact with
the N-linked glycan on the adjacent protomer’s NTD (N165). However, more biochemical
work and neutralization studies with and without this glycan are needed to determine the
effect it has on interaction with the RBD and the trimeric spike’s structural dynamics [76,77].
Despite their similar epitopes, there is diversity in the variable region gene usage among
Class III RBM-directed members, all isolated from COVID-19 convalescent patients.
6.2. Receptor-Binding Domain: The Highly Conserved Core
While the S RBM is an important target for SARS-CoV-2 neutralization because mAbs
targeting this site compete with ACE2 binding, cross-neutralization with other coronaviruses is more likely to occur by mAbs that bind more conserved regions, such as the
RBD core. MAbs of this class do not interact with the RBM and bind the RBD core in two
general areas—one that is exposed when the RBD is down, and another site that is only
accessible when the RBD is up (and, in some cases, rotated as well) (Table 1, Figure 3A).
These mAbs can prevent ACE2 from binding using several different mechanisms: by
directly clashing with ACE2 binding to the same RBD, by indirectly clashing with ACE2 on
a nearby protomer, or by locking the trimer in a closed state, thereby concealing the ACE2binding site. Some mAbs can even induce S1 shedding. Other neutralization mechanisms
are also possible.
MAbs C110 [63] and REGN10987 [68] bind with a similar pose to the RBD face
accessible in both the open and closed states and can sterically hinder ACE2 binding. While
mAbs 2–43 [76], S309 [80], and C135 [63] can also bind to the RBD in the down state, they
do not compete with ACE2 for binding to the RBD (Figure 3A). Three copies of 2–43 bind
to S and each Fab recognizes a quaternary epitope, requiring elements of two adjacent
RBDs in the down conformation to bind [76]. This suggests that 2–43 can lock the spike
in a closed conformation. Unlike 2–43, S309 and C135 can bind to the RBD in the open
state [63,80]. Neutralization experiments comparing the effects of using an S309 Fab versus
S309 IgG suggest that the IgG may induce neutralization by steric hindrance or via bivalent
mechanisms, such as cross-linking S trimers or aggregating virions [80] (Figure 2D). The
mechanism of neutralization by C135, a SARS-CoV-2-specific mAb, is not clear and requires
further investigation [63]. Of these, only S309, which was actually isolated from a SARSCoV patient, can neutralize both SARS-CoV-2 and SARS-CoV (Table 1).
On the opposite face of the RBD are binding epitopes for mAbs CR3022 [81,86],
EY6A [82], S2X35 [69], S2A4 [69], S304 [69], and H014 [83], and nanobody VHH-72 [84]
(Figure 3A). Of these, S2X35, S2A4, H014, and VHH-72 clash with ACE2. CR3022, EY6A,
S2X35, S2A4, and S304 bind to a cryptic epitope that is only accessible when at least two
RBDs are in the up state. In some cases, all three RBDs need to be up and/or rotated [81,86].
Of note, when bound to these mAbs, some of these RBDs swing out to unique (and unstable)
states. Locking the trimer in this state can destabilize it and promote S1 shedding [81]
(Figure 2C). The H014 mAb and VHH-72 nanobody have binding approaches in between
those of CR3022 and S309 and they also require the RBD to be in the up state for binding,
thereby locking it in that state. Several members of this cluster can neutralize both SARSCoV-2 and SARS-CoV (Table 1). Of these, CR3022 and S304 were isolated from individuals
infected with SARS-CoV (although CR3022 may not neutralize SARS-CoV-2 [86,88]), and
H014 was isolated from a transgenic mouse.
6.3. NTD
Many studies that identified RBM- and RBD core-specific mAbs used the isolated
recombinant RBD as bait. This approach would, however, neglect other immunogenic epi-
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topes on the spike, such as the NTD. While the function of the NTD is not well understood,
NTD-specific mAbs have been observed to attribute part of their neutralization potential
to inhibiting the prefusion to postfusion conformational change of the spike after receptor
binding occurs (Figure 2B, Table 1) [89]. Additionally, even though the NTD is located near
the top of the trimer, far from the three-fold axis of the trimer and further out than the
RBD, the MERS-CoV NTD-specific mAbs, 7D10 and G2, could still sterically interfere with
receptor binding [89,90]. ACE2, a dimer, could also potentially clash with mAbs that bind
the SARS-CoV or SARS-CoV-2 NTD.
NTD-specific mAbs, such as 4A8 [85] and 4–8 [76] which were isolated from COVID19 convalescent patients, can bind regardless of what state the RBD is in. MAbs 4–8 and
4A8 bind with almost identical angles to each other and to MERS-CoV mAbs 7D10 [89]
and G2 [90], facing diagonally and upwards away from S2 (Figure 3C). These mAbs do
interact differently with the NTD, however, due to differences in this subdomain when
comparing these two coronaviruses. While both NTDs have flexible loops on the exterior
of the central β-sandwich core, the MERS-CoV S also has several alpha helices on the NTD
surface. Moreover, 4–8 and 4A8 bind further away from the central three-fold axis of the
spike than the MERS-CoV mAbs and are less likely to interact with the receptor binding to
the same spike, though steric interference might still be possible in the context of whole
virions. These two antibodies have different gene usages when compared to each other
and to antibodies from the other classes.
7. Other Potential Immunogenic SARS-CoV-2 Epitopes
Analyses of other coronavirus S mAbs, together with those against spikes of enveloped
viruses which undergo fusion through similar mechanisms, could reveal new SARS-CoV-2
S epitopes against which mAbs have not yet been structurally characterized. Moreover,
while none of the MERS-CoV mAbs investigated thus far have shown cross-reactivity with
SARS-CoV-2 S, the investigation of unique MERS-CoV epitopes targeted by anti-MERS-CoV
mAbs can still help identify new neutralizing epitopes on SARS-CoV-2 S.
The MERS-CoV NTD-specific mAbs 7D10 [89] and G2 [90] interact with the spike
similarly to those discussed above against SARS-CoV-2, in a region that is poorly conserved
among the coronaviruses and therefore likely to be strain-specific (Figure 4A,D). Of note,
antibodies from the COVID-19 patient COV57 [64] were also reported to bind to the NTD;
however, this study utilized polyclonal electron microscopy, and so individual antibodies
were not isolated for further characterization. In stark contrast to the NTD-specific mAbs
mentioned above, NTD-specific antibodies from COV57 bound to the bottom face of the
NTD, suggesting that other NTD regions could be immunogenic.
SARS-CoV-2 S2-specific mAbs have been isolated but have yet to be structurally
characterized in the context of S2 or the full spike trimer. A MERS-CoV S2-specific mAb,
called G4, has been structurally characterized [87]. G4 binds to a glycosylated, solventexposed variable loop emanating from two β-strands near the bottom of the S2 subunit,
close to the viral membrane. This region is fairly conserved between SARS-CoV and
SARS-CoV-2 but is very different in MERS-CoV (Figure 4B,E), suggesting that G4 is likely
specific for MERS-CoV S. However, mAbs against this site of SARS-CoV-2 S might exist and
even cross-neutralize SARS-CoV. There are also other S2 regions that are conserved across
all three of these coronaviruses that may be immunogenic and worth studying (Figure
4B,E). Consistent with this, mAbs against analogous regions to S2 are found to target other
class I trimeric fusion spikes, such as those of HIV and influenza. Several such mAbs were
determined to be broadly neutralizing, targeting many viral variants [91–93]. Thus, S2specific mAbs can prove to be very useful, and their binding could inhibit conformational
changes necessary for membrane fusion to occur.
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Figure 4. Surface conservation of S subdomains. (A) SARS-CoV-2 S NTD. Two side views of the S trimer are shown with the
NTD zoomed in. Blue and red regions in the NTD of a single S protomer are conserved and variable, respectively, between
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SARS-CoV and SARS-CoV-2. Yellow regions are semi-conserved. Glycans are represented by green spheres. The rest of the
trimer is in gray. PDB ID 7C2L used to generate the figure [85]. (B) SARS-CoV-2 S2 subunit. Two side views of the S trimer
are shown. Coloring scheme is the same as in (A), with the S2 domain of a single protomer colored according to sequence
conservation. PDB ID 7C2L used to generate the figure [85]. (C) SARS-CoV-2 S RBD. Two side views of the RBD and SD1
domains are shown with RBM at the top. Coloring scheme for sequence conservation is the same as in (A). PDB ID 7BZ5
used to generate the figure [66]. (D) MERS-CoV S NTD. Two side views of the S trimer are shown with the NTD zoomed
in. Blue and red regions are conserved and variable, respectively, between MERS-CoV and SARS-CoV. Yellow regions are
semi-conserved. Glycans are represented by green spheres. The rest of the trimer is in gray. PDB ID 5W9H used to generate
the figure [87]. (E) MERS-CoV S2 subunit. Two side views of the S trimer are shown. Coloring scheme is the same as in (D),
with the S2 domain of a single protomer colored according to sequence conservation. PDB ID 5W9H used to generate the
figure [87]. mAb G4 binding site is indicated with a yellow star. (F) MERS-CoV S RBD. Two side views of the RBD and SD1
domains are shown with RBM at the top. Coloring scheme for sequence conservation is the same as in (D). PDB ID 5W9H
used to generate the figure [87].

MAbs that bind to other S sites may also inhibit the conformational changes necessary
for fusion. For example, in the case of HIV, broadly neutralizing mAbs have been identified
against the V3 glycan supersite [94–96] and V1V2 loops of gp120 [97], a subunit analogous
to the SARS-CoV-2 S1 subunit, as well as the gp120–gp41 interface [98,99], comparable to
the area where S2 meets the RBD on SARS-CoV-2 S. MAbs against these sites generally
prevent conformational changes that are required for binding a co-receptor or for fusion
to occur (reviewed in [100]), suggesting that sites at the RBD–NTD, RBD–SD1, SD1–S2,
or RBD–S2 (Figure 3D) interfaces might elicit neutralizing responses that have yet to be
structurally characterized.
8. Epitope Conservation and Cross-Reactivity
MAbs against other coronaviruses hold potential as therapeutics against SARS-CoV-2
S and vice versa. Moreover, therapeutic administration of such mAbs would be approved
more rapidly for distribution against new strains if they are already in use. Additionally,
epitopes of cross-reactive mAbs hold promise in designing antigens to isolate broadly
neutralizing mAbs as well as for designing immunogens to elicit such mAbs.
The RBD core, including the N343 glycan (N330 in SARS-CoV) with which several
mAbs against this site must interact, is fairly conserved (Figure 4C) [79]. Moreover, some
contact residues for RBD-directed cross-neutralizing mAbs are also conserved in other
clade 1, 2, and 3 human and animal sarbecoviruses, suggesting possible cross-reactivity
to other zoonotic sarbecoviruses. Thus, it is not surprising that several RBD core-specific
mAbs, including EY6A, S304, S309, H014, and nanobody VHH-72, were demonstrated to be
cross-reactive with SARS-CoV [69,80,82–84]. CR3022 was also shown to be cross-reactive
in some studies, but not others [81,86,88]. The cryptic epitope targeted by several of these
mAbs, particularly CR3022, EY6A, and S304, is likely important for stabilizing the closed
conformation of the prefusion trimer, suggesting a low likelihood that resistance mutations
would occur in this region. However, many of these mAbs are weakly neutralizing (Table 1),
so their epitopes may not have therapeutic utility against SARS-CoV-2. The epitope on
the opposite face of the RBD targeted by S309 and the epitope targeted by H014 are
more promising [80,83]. Indeed, both S309 and H014 are in clinical trials (NCT04545060,
NCT04483375, NCT04644185, and NCT04683328 in ClinicalTrials.gov).
While it has not been tested yet, the SARS-CoV RBD core-specific neutralizing mAb
F26G19 could potentially target SARS-CoV-2 [101]. It has a highly conserved epitope (75%
(6/8) residual sequence homology with SARS-CoV-2 S). Its binding is most similar to H014
and VHH-72, which cross-neutralize both of these viruses. F26G19 has an epitope and
approach angle shifted more closely to the RBM and hence would have greater steric
interference with ACE2 binding. Our modeling suggests it can only bind to RBD in the
open state, since binding to a closed RBD would introduce steric interferences with a nearby
up or down RBD. Thus, it may also neutralize the viruses by promoting S1 shedding.
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Other sites on S are less conserved, so antibodies against certain epitopes are unlikely
to be cross-reactive. Specifically, antibodies against the RBM, which is less than 50%
conserved between SARS-CoV and SARS-CoV-2, are strain-specific; all of the RBM-specific
Class I–III mAbs discussed above are specific for SARS-CoV-2 (Table 1). Even the SARS-CoV
RBM-specific neutralizing mAb m396 cannot bind SARS-CoV-2 S, despite its epitope having
77% homology with that of SARS-CoV [102]. This could be explained by the fact that only
a small fraction of mutations could eliminate binding. Other mAbs against the RBM have
yet to be tested for cross-reactivity, including the anti-SARS-CoV mAb 80R (whose epitope
is only 45% (13/29) homologous with the corresponding SARS-CoV-2 epitope) [103]. The
RBM of MERS-CoV S is different structurally, with a β-sheet replacing one of the β-hairpins
found in S of SARS-CoV and SARS-CoV-2 (Figure 4C,F). Thus, MERS-CoV RBM-specific
mAbs are less likely to be cross-reactive. Moreover, viral variants that emerge still retain
binding to ACE2, suggesting that the RBM is likely to remain a strain-specific epitope.
NTD-specific and S2-specific mAbs that have been structurally characterized to date
are also strain-specific. While the NTDs of SARS-CoV and SARS-CoV-2 S have a lower
sequence identity (51%) than the RBDs (74%) [104], there are solvent-exposed regions
of higher conservation, particularly at the bottom face of the NTD, possibly targeted by
antibodies from patient COV57 (Figure 4A) [64]. While those antibodies were characterized
by nsEM, higher-resolution data would be needed to provide insights into their ability
to cross-neutralize SARS-CoV and SARS-CoV-2. In contrast to the NTD, S2 has a higher
percentage of sequence identity among coronaviruses (Figure 4B,E), suggesting that mAbs
against this region may be more effective in targeting a greater range of coronaviruses [104].
It is possible, however, that S2-specific mAbs are weakly or non-neutralizing. Their
structural characterization will provide more insights into their neutralization potential
and indicate whether S2 should be used to elicit and identify S2-specific mAbs.
9. Synergy and Overcoming Resistance Mutations
Despite the sequence conservation in some areas of S, particularly in the RBD and
S2 subdomains, resistance mutations can still occur in these regions. Specifically, consistent exposure to a single neutralizing mAb has been observed to induce viral escape
mutations [105,106]. Moreover, point mutations in a neutralizing epitope can differentially
influence the potency of different neutralizing mAbs, even if their epitopes overwhelmingly overlap. Greaney et al. developed a deep mutational scanning method to produce
viral escape maps induced by specific mAbs [58]. In contrast to antibody–spike complex
structures on their own, these maps can showcase which specific immunogenic residues
are important for neutralization. These maps, together with high-resolution structures,
provide a greater understanding of how frequent SARS-CoV-2 escape mutations have
emerged [107]. Additionally, visualizing residual escape mutations directly informs the
development of antibody cocktails consisting of mAbs that target unique residues, even in
the case of overlapping epitopes [58]. Antibody cocktails that are administered simultaneously can overcome viral resistance and could also be more effective at virus neutralization
than the individual mAbs alone. Even weak neutralizers used in combination with other
mAbs could lead to potent neutralization [52,80].
Several studies have illustrated the promise of combining multiple mAbs. For example,
a cocktail of REGN10933 (RBM-specific Class I) and REGN10987 (RBD core-specific) could
prevent escape mutations from evading both mAbs [106]. BD-629 (RBM-specific Class I)
was also shown to efficiently neutralize several naturally occurring S mutants that resist
BD-368-2 (RBM-specific Class II) alone [62]. Synergistic neutralization was observed for
S2E12 (RBM-specific Class I) and S2M11 (RBM-specific Class III) combined separately
with S309 (RBD core-specific, solvent-exposed epitope) and for H11-H4-Fc (RBM-specific
Class II) combined with CR3022 (RBD core-specific, cryptic epitope) [71,81]. MAbs that
target opposite faces of the RBD were also shown to act synergistically. In particular, a
combination of S309 with S304 was observed to enhance neutralization [80]. Additional
mAbs, whose complex structures with S were not determined at high-resolution, have also
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shown synergistic effects. For example, COV2-2196 (RBM-specific) and COV2-2130 (RBD
core-specific), which can bind to S simultaneously, synergize in vitro and their cocktail is
protective in mouse models [105].
In contrast to RBM-specific and RBD core-specific mAbs, no NTD-specific mAbs,
whose complex structures have been analyzed, have yet been tested for synergistic effects.
NTD-specific mAbs would be good candidates for antibody cocktails, as their epitopes
exhibit no overlap with those of the other antibody classes and therefore would cover a
larger surface area on the spike when combined with RBD core-specific mAbs, further
reducing the chance for resistance mutations to occur. The same would be true of certain
S2-specific mAbs, should they be characterized. Finally, other antibody combinations
besides those mentioned above, should be feasible in cocktails as well.
10. Multivalent and Multi-Specific Antibodies
MAbs and cross-linked nanobodies against certain sites on S can lead to more potent
anti-viral effects than Fabs or nanobodies. For example, neutralization experiments with
S309 Fab and IgG demonstrated that the latter could lead to 100% neutralization, whereas
the Fab could not. This result, together with that from binding measurements showing
that the IgG has a dissociation constant an order of magnitude smaller than that of the
Fab, suggests IgG-specific bivalent mechanisms were at play [80], although affinity could
be important as well. Barnes et al. also provided information on which mAbs could
potentially be involved in inter- and intra-spike cross-linking [63]. What could use more
attention, however, is the generation of multi-specific antibodies by combining fragments
from different mAbs and/or nanobodies to accomplish specific antiviral actions, which
have the potential to be more effective than certain cocktails alone.
Bivalent interactions of IgGs or Fc–nanobody fusions would allow these constructs
to interact with and aggregate different virions, cross-link different spikes within a virion,
or provide greater steric hindrance, thereby contributing to neutralization. Thus, most
nanobodies, when connected by a linker and fused to the Fc domain of human IgG1,
displayed an increase in neutralization potency against SARS-CoV-2 pseudotyped viruses,
with similar IC50 values as mAb IgGs [73,75,85,108]. These increases in neutralization were
significant for some of the nanobodies, such as Sb23 (RBM-specific Class II), which had
~100-fold improved neutralization as an Fc-fusion, bringing its IC50 down to 7 ng/mL [74].
Generating a trivalent construct was demonstrated to have even greater effects in the case of
Nb6 (RBM-specific Class III). Nb6 as a trivalent construct showed 2000-fold neutralization
enhancement, bringing its IC50 down to 1.2 nM [79]. Of note, this enhancement could not
be recapitulated for other nanobodies, suggesting the particular binding mode of Nb6 is
important.
Bispecific antibodies have shown some promise against ebolaviruses, which enter host
cells through endosomes, and HIV [109,110]. Thus, certain S mAbs and nanobodies might
be useful for engineering bispecific antibodies against SARS-CoV-2 and other coronaviruses.
Of note, it has been shown that at lower pH, representative of what is observed in the
endosome, S is predominantly in the closed state [25]. As a result, mAbs that bind to a
cryptic epitope or require the RBD to be in the up state would be less likely to bind and
neutralize viruses fusing via the endosomal pathway. MAbs that bind the closed state, such
as S309 (RBD core-specific) and S2H13 (RBM-specific Class II), were shown to be unaffected
at lower pH [69]. Thus, the generation of a bispecific antibody from a combination of such
a mAb, together with one that targets another site, could potentially exert its effects in
the endosome upon viral recruitment. Such bispecifics, as well as others, might lead to
enhanced neutralization breadth relative to their parental mAbs provided individually or
in combination, similar to what was observed in the case of ebolaviruses [109]. However,
rational design of effective bispecific antibodies is complex and certain mAbs used in
cocktails might be more efficient than bispecifics, so investigations into the latter should be
prioritized for therapeutic development.
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We do note that predictions based on static Fab/nanobody complex structures with S
may not be sufficient for predicting which sites would serve as optimal targets because the
spike and immunoglobulins are dynamic. Moreover, steric hindrances from immunoglobulin structures, particularly from the Fc region, are not apparent from available structural
data. Thus, Fabs or nanobodies that appear to be able to bind simultaneously to the spike
may not do so in vivo. A better understanding of the spike density on coronavirus virions
and of how many spikes are necessary for fusion to occur would also give insights into
how successful such strategies might be.
11. In Vivo Effects of mAbs
In vivo neutralization would be a better predictor for the effectiveness of mAbs since
in vitro experiments utilize systems with different numbers of spikes. Additionally, in vivo
studies can provide insight into antibody effector functions involving their Fc domains,
which are crucial for antiviral pathways and viral clearance. Such functions include
antibody-dependent, cell-mediated phagocytosis (ADCP) of virions and infected cells, the
direct killing of infected cells through antibody-dependent, cellular cytoxicity (ADCC), and
the activation of the complement (Figure 2E). These effects rely on antibody Fc domains
interacting with Fc gamma receptors (FcγRs), found on myeloid and natural killer cells.
Some studies have used animal models to demonstrate the efficacy of SARS-CoV-2 Stargeting mAbs in vivo, and others have used cell-based assays to investigate effector
functions of mAbs. Of note, no animal model has been found to reliably mimic COVID-19
disease progression in humans, and such studies should be regarded with an understanding
that results may not perfectly reflect effects on humans. Nevertheless, studying the effects
of mAbs on viral infection in complex living systems provides insights that in vitro studies
alone cannot.
When tested in human ACE2 transgenic mice, B38 (RBM-specific Class I) proved
effective post-infection [66], and H014 (RBD core-specific) and BD-368-2 (RBM-specific
Class II) were found to be effective both prophylactically and therapeutically [62,77,83].
BD-368-2 was also tested in hamsters and was found to offer treatment against SARS-CoV-2
challenge. CC12.1 (RBM-specific Class I), S2E12 (RBM-specific Class I), and S2M11 (RBMspecific Class II) also protected hamsters against viral challenge, and S2M11 even showed
ADCC and ADCP activity [71,111]. ADCC was also observed with S309 (RBD core-specific)
and S2H13 (RBM-specific Class II), though these studies were performed using cell-based
assays [69]. Finally, while none of the nanobodies characterized at high resolution were
tested in animals, an ACE2-competitive (likely RBM-specific) nanobody, Ab8, was fused
with Fc and shown to be effective in mouse SARS-CoV-2 challenge studies and in both
prophylactic and treatment regimens in a hamster model [108]. Thus, nanobodies can also
work in animals, but further investigation is still needed. Further investigation is also
needed for NTD-specific and RBM-specific Class III mAbs.
Several concerns arise when administering or eliciting mAbs. One is of mAb autoreactivity or polyreactivity. Another potential concern is that of antibody-dependent
enhancement (ADE), a phenomenon where poorly-neutralizing antibodies aid viral entry
into certain immune cells and can lead to more severe illness [112–114]. To test for autoreactivity, Kreye et al. investigated CV07-270 (RBM-specific Class II) and found that it reacted
to murine smooth muscle from the lungs, heart, kidneys, and colon, but not the liver [70].
Several modifications have been suggested to prevent certain forms of autoreactivity. For
instance, to prevent ADE, a LALA mutation was introduced into the Fc region of CB6
(RBM-specific Class I) to prevent Fc binding to an FcγR, and this mAb mutant was found to
be effective when administered prophylactically and post-infection in rhesus macaques [67].
Native BD-368-2 (RBM-specific Class II) did not cause ADE, illustrating that these effects
can vary and should be tested for individual mAbs [62]. Of note, current evidence of ADE
in coronaviruses is limited to cell-based assays and animal models, and little evidence
supports the notion of ADE actually occurring in humans (reviewed in [115]).
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Early experimentation with administering convalescent patient plasma to severely ill
COVID-19 patients has led to beneficial outcomes [2,5], inspiring hope that administration
of mAbs might be a reliable treatment method for prevention and treatment of severe cases
of COVID-19. The limited availability of plasma prevents its use as a widespread treatment,
whereas mAbs can be produced on a large scale [77]. Clinical trials in humans are currently
underway for several mAbs targeting SARS-CoV-2, including S309 (NCT04545060), BD-368-2
(NCT04551898, NCT04669262, NCT04532294), CB6 (NCT04441918), H014 (NCT04483375,
NCT04644185, NCT04683328), REGN10933 in combination with REGN10987 (NCT04519437,
NCT04426695, NCT04425629, NCT04452318, NCT04617535), COV2-2196 in combination with
COV2-2381 (NCT04625972, NCT04625725), and LY-CoV555 (NCT04411628, NCT04427501,
NCT04537910) and LY-CoV016 (NCT04441931), both alone and in combination. While few
mAbs have been approved for widespread clinical use in the treatment of viral infections,
numerous studies have shown antibodies to effectively protect against viruses, such as respiratory syncytial virus (RSV), HIV, and Ebola, which are in human clinical trials [116–118].
Studies with Fc mutations suggest that mAbs used for treatment of COVID-19 could be
engineered in such a way to avoid the risk of ADE [113,119]. Optimizing interactions
between Fc domains and specific FcγRs might further improve in vivo protection by mAbs,
although further studies will be needed to determine the impacts of such modifications
when used in humans.
12. Conclusions and Future Perspectives
The isolation of antibodies from convalescent individuals, together with their structural characterization through cryo-EM and X-ray crystallography, has accelerated the
process of identifying features of SARS-CoV-2 S necessary for neutralization by mAbs and
for eliciting such mAbs. Additional technologies, including the use of synthetic libraries,
have helped identify neutralizing nanobodies that can be more rapidly generated against
a desired antigen than those from llama or alpaca immunizations. It still remains to be
determined how effective such nanobodies are in vivo. Moreover, humanized mouse platforms have shown promise in that S mAbs can be produced that bind in a similar way to
those produced in humans. MAb REGN10933 represents such an example [68]. Further
engineering of both nanobodies and mAbs to increase multivalency and/or improve effector functions may also improve therapies until the COVID-19 vaccine becomes widely
accessible. In any case, a thorough understanding of critical residues for neutralization on
various regions of SARS-CoV-2 S is crucial for vaccine design as well as for the selection of
antibodies for passive administration.
Many of the mAbs produced against SARS-CoV-2 S have low rates of somatic hypermutations and use a diverse set of variable domain genes, demonstrating promise
that similar mAbs can be produced rapidly via vaccination. Consistent with this, the
BioNTech/Pfizer and Moderna vaccines, which produce different spike-related constructs,
have shown to offer protection, even after the first of two doses [120,121]. Nevertheless,
longitudinal analyses of antibody responses are still necessary to determine the long-term
efficacy of these vaccine-induced antibodies against any potential viral variants that may
arise. The notion of conferring protection against SARS-CoV-2 mutants raises the question
of the possibility of a universal coronavirus vaccine that protects against other betacoronaviruses. Additional analyses would need to be done to address this, and the development
of a coronavirus vaccine is a critical first step. Due to sequence and structural differences
between various coronavirus spikes, other vaccine design strategies would need to be
employed to design a universal vaccine. It may be the case that seasonal vaccines, such
as those for influenza, may become necessary until such a universal vaccine is available,
should other coronaviruses spread as much as the current one.
In the absence of a safe, effective, and widely available vaccine, passive antibody
administration is an appealing alternative, despite likely having short-term beneficial
effects. Escape mutations are a concern with passive administration of antibodies [106], but
mAb cocktails and multi-specific antibodies targeting multiple distinct regions on SARS-
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CoV-2 S may eliminate this concern and offer synergistic effects. Additionally, careful
selection for strongly neutralizing mAbs, along with engineered mutations in the Fc region,
may reduce the risk of ADE, if it were to occur in humans. Nevertheless, with any potential
antibody treatment, rigorous testing in clinical trials must be pursued.
Author Contributions: D.F. conceptualized the study. D.F., M.T.F., A.G.M., E.P.M., P.C.S. and E.-S.D.S.
analyzed structural data and prepared and revised the draft, figures, and table. All authors have read
and agreed to the published version of the manuscript.
Funding: This study was supported by the Swarthmore College Faculty Research Fund.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Publicly available datasets were analyzed in this study. The data can
be found in the Protein and Electron Microscopy Data Bank (PDB and EMDB) archives using PDB or
EMDB IDs displayed in Table 1.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.

4.

5.
6.

7.

8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.

Coleman, C.M.; Frieman, M.B. Coronaviruses: Important emerging human pathogens. J. Virol. 2014, 88, 5209–5212.
[CrossRef] [PubMed]
Duan, K.; Liu, B.; Li, C.; Zhang, H.; Yu, T.; Qu, J.; Zhou, M.; Chen, L.; Meng, S.; Hu, Y.; et al. Effectiveness of convalescent plasma
therapy in severe COVID-19 patients. Proc. Natl. Acad. Sci. USA 2020, 117, 9490–9496. [CrossRef]
Li, L.; Zhang, W.; Hu, Y.; Tong, X.; Zheng, S.; Yang, J.; Kong, Y.; Ren, L.; Wei, Q.; Mei, H.; et al. Effect of Convalescent Plasma
Therapy on Time to Clinical Improvement in Patients With Severe and Life-threatening COVID-19: A Randomized Clinical Trial.
JAMA 2020, 324, 460–470. [CrossRef] [PubMed]
Liu, S.T.H.; Lin, H.M.; Baine, I.; Wajnberg, A.; Gumprecht, J.P.; Rahman, F.; Rodriguez, D.; Tandon, P.; Bassily-Marcus, A.;
Bander, J.; et al. Convalescent plasma treatment of severe COVID-19: A propensity score-matched control study. Nat. Med. 2020,
26, 1708–1713. [CrossRef]
Shen, C.; Wang, Z.; Zhao, F.; Yang, Y.; Li, J.; Yuan, J.; Wang, F.; Li, D.; Yang, M.; Xing, L.; et al. Treatment of 5 Critically Ill Patients
With COVID-19 With Convalescent Plasma. JAMA 2020, 323, 1582–1589. [CrossRef] [PubMed]
Corti, D.; Zhao, J.; Pedotti, M.; Simonelli, L.; Agnihothram, S.; Fett, C.; Fernandez-Rodriguez, B.; Foglierini, M.; Agatic, G.;
Vanzetta, F.; et al. Prophylactic and postexposure efficacy of a potent human monoclonal antibody against MERS coronavirus.
Proc. Natl. Acad. Sci. USA 2015, 112, 10473–10478. [CrossRef]
Corti, D.; Misasi, J.; Mulangu, S.; Stanley, D.A.; Kanekiyo, M.; Wollen, S.; Ploquin, A.; Doria-Rose, N.A.; Staupe, R.P.; Bailey, M.;
et al. Protective monotherapy against lethal Ebola virus infection by a potently neutralizing antibody. Science 2016, 351, 1339–1342.
[CrossRef] [PubMed]
Su, S.; Wong, G.; Shi, W.; Liu, J.; Lai, A.C.K.; Zhou, J.; Liu, W.; Bi, Y.; Gao, G.F. Epidemiology, Genetic Recombination, and
Pathogenesis of Coronaviruses. Trends Microbiol. 2016, 24, 490–502. [CrossRef]
Lu, R.; Zhao, X.; Li, J.; Niu, P.; Yang, B.; Wu, H.; Wang, W.; Song, H.; Huang, B.; Zhu, N.; et al. Genomic characterisation and
epidemiology of 2019 novel coronavirus: Implications for virus origins and receptor binding. Lancet 2020, 395, 565–574. [CrossRef]
Shang, J.; Wan, Y.; Luo, C.; Ye, G.; Geng, Q.; Auerbach, A.; Li, F. Cell entry mechanisms of SARS-CoV-2. Proc. Natl. Acad. Sci. USA
2020, 117, 11727–11734. [CrossRef]
Tortorici, M.A.; Veesler, D. Structural insights into coronavirus entry. Adv. Virus Res. 2019, 105, 93–116. [PubMed]
De Vlieger, D.; Ballegeer, M.; Rossey, I.; Schepens, B.; Saelens, X. Single-Domain Antibodies and Their Formatting to Combat
Viral Infections. Antibodies 2018, 8, 1. [CrossRef] [PubMed]
Elbe, S.; Buckland-Merrett, G. Data, disease and diplomacy: GISAID’s innovative contribution to global health. Glob. Chall. 2017,
1, 33–46. [CrossRef] [PubMed]
Walls, A.C.; Park, Y.J.; Tortorici, M.A.; Wall, A.; McGuire, A.T.; Veesler, D. Structure, Function, and Antigenicity of the SARS-CoV-2
Spike Glycoprotein. Cell 2020, 181, 281–292.e6. [CrossRef] [PubMed]
Wrapp, D.; Wang, N.; Corbett, K.S.; Goldsmith, J.A.; Hsieh, C.L.; Abiona, O.; Graham, B.S.; McLellan, J.S. Cryo-EM structure of
the 2019-nCoV spike in the prefusion conformation. Science 2020, 367, 1260–1263. [CrossRef] [PubMed]
Cai, Y.; Zhang, J.; Xiao, T.; Peng, H.; Sterling, S.M.; Walsh, R.M., Jr.; Rawson, S.; Rits-Volloch, S.; Chen, B. Distinct conformational
states of SARS-CoV-2 spike protein. Science 2020, 369, 1586–1592.
Li, F.; Li, W.; Farzan, M.; Harrison, S.C. Structure of SARS coronavirus spike receptor-binding domain complexed with receptor.
Science 2005, 309, 1864–1868. [CrossRef]
Li, W.; Moore, M.J.; Vasilieva, N.; Sui, J.; Wong, S.K.; Berne, M.A.; Somasundaran, M.; Sullivan, J.L.; Luzuriaga, K.; Greenough, T.C.;
et al. Angiotensin-converting enzyme 2 is a functional receptor for the SARS coronavirus. Nature 2003, 426, 450–454. [CrossRef]

Viruses 2021, 13, 134

19.
20.
21.
22.
23.
24.
25.

26.
27.

28.
29.
30.

31.

32.
33.
34.
35.
36.
37.
38.

39.
40.
41.
42.

43.

44.

20 of 24

Wang, N.; Shi, X.; Jiang, L.; Zhang, S.; Wang, D.; Tong, P.; Guo, D.; Fu, L.; Cui, Y.; Liu, X.; et al. Structure of MERS-CoV spike
receptor-binding domain complexed with human receptor DPP4. Cell Res. 2013, 23, 986–993. [CrossRef]
Henderson, R.; Edwards, R.J.; Mansouri, K.; Janowska, K.; Stalls, V.; Gobeil, S.M.C.; Kopp, M.; Li, D.; Parks, R.; Hsu, A.L.; et al.
Controlling the SARS-CoV-2 spike glycoprotein conformation. Nat. Struct. Mol. Biol 2020, 27, 925–933. [CrossRef]
Wang, Q.; Zhang, Y.; Wu, L.; Niu, S.; Song, C.; Zhang, Z.; Lu, G.; Qiao, C.; Hu, Y.; Yuen, K.Y.; et al. Structural and Functional Basis
of SARS-CoV-2 Entry by Using Human ACE2. Cell 2020, 181, 894–904.e9. [CrossRef] [PubMed]
Lan, J.; Ge, J.; Yu, J.; Shan, S.; Zhou, H.; Fan, S.; Zhang, Q.; Shi, X.; Wang, Q.; Zhang, L.; et al. Structure of the SARS-CoV-2 spike
receptor-binding domain bound to the ACE2 receptor. Nature 2020, 581, 215–220. [CrossRef] [PubMed]
Yuan, Y.; Cao, D.; Zhang, Y.; Ma, J.; Qi, J.; Wang, Q.; Lu, G.; Wu, Y.; Yan, J.; Shi, Y.; et al. Cryo-EM structures of MERS-CoV and
SARS-CoV spike glycoproteins reveal the dynamic receptor binding domains. Nat. Commun. 2017, 8, 15092. [CrossRef] [PubMed]
Clausen, T.M.; Sandoval, D.R.; Spliid, C.B.; Pihl, J.; Perrett, H.R.; Painter, C.D.; Narayanan, A.; Majowicz, S.A.; Kwong, E.M.;
McVicar, R.N.; et al. SARS-CoV-2 Infection Depends on Cellular Heparan Sulfate and ACE2. Cell 2020, 183, 1043–1057.e15. [CrossRef]
Zhou, T.; Tsybovsky, Y.; Gorman, J.; Rapp, M.; Cerutti, G.; Chuang, G.Y.; Katsamba, P.S.; Sampson, J.M.; Schon, A.; Bimela, J.;
et al. Cryo-EM Structures of SARS-CoV-2 Spike without and with ACE2 Reveal a pH-Dependent Switch to Mediate Endosomal
Positioning of Receptor-Binding Domains. Cell Host Microbe 2020, 28, 867–879.e5. [CrossRef]
Shang, J.; Ye, G.; Shi, K.; Wan, Y.; Luo, C.; Aihara, H.; Geng, Q.; Auerbach, A.; Li, F. Structural basis of receptor recognition by
SARS-CoV-2. Nature 2020, 581, 221–224. [CrossRef]
Tai, W.; He, L.; Zhang, X.; Pu, J.; Voronin, D.; Jiang, S.; Zhou, Y.; Du, L. Characterization of the receptor-binding domain
(RBD) of 2019 novel coronavirus: Implication for development of RBD protein as a viral attachment inhibitor and vaccine.
Cell Mol. Immunol. 2020, 17, 613–620. [CrossRef]
Yan, R.; Zhang, Y.; Li, Y.; Xia, L.; Guo, Y.; Zhou, Q. Structural basis for the recognition of SARS-CoV-2 by full-length human ACE2.
Science 2020, 367, 1444–1448. [CrossRef]
Wu, K.; Peng, G.; Wilken, M.; Geraghty, R.J.; Li, F. Mechanisms of host receptor adaptation by severe acute respiratory syndrome
coronavirus. J. Biol. Chem. 2012, 287, 8904–8911. [CrossRef]
Starr, T.N.; Greaney, A.J.; Hilton, S.K.; Ellis, D.; Crawford, K.H.D.; Dingens, A.S.; Navarro, M.J.; Bowen, J.E.; Tortorici, M.A.;
Walls, A.C.; et al. Deep Mutational Scanning of SARS-CoV-2 Receptor Binding Domain Reveals Constraints on Folding and ACE2
Binding. Cell 2020, 182, 1295–1310.e20. [CrossRef]
Yi, C.; Sun, X.; Ye, J.; Ding, L.; Liu, M.; Yang, Z.; Lu, X.; Zhang, Y.; Ma, L.; Gu, W.; et al. Key residues of the receptor binding motif
in the spike protein of SARS-CoV-2 that interact with ACE2 and neutralizing antibodies. Cell Mol. Immunol. 2020, 17, 621–630.
[CrossRef] [PubMed]
Millet, J.K.; Whittaker, G.R. Host cell proteases: Critical determinants of coronavirus tropism and pathogenesis. Virus Res. 2015,
202, 120–134. [CrossRef] [PubMed]
Cantuti-Castelvetri, L.; Ojha, R.; Pedro, L.D.; Djannatian, M.; Franz, J.; Kuivanen, S.; van der Meer, F.; Kallio, K.; Kaya, T.; Anastasina, M.; et al. Neuropilin-1 facilitates SARS-CoV-2 cell entry and infectivity. Science 2020, 370, 856–860. [CrossRef] [PubMed]
Daly, J.L.; Simonetti, B.; Klein, K.; Chen, K.E.; Williamson, M.K.; Anton-Plagaro, C.; Shoemark, D.K.; Simon-Gracia, L.; Bauer, M.;
Hollandi, R.; et al. Neuropilin-1 is a host factor for SARS-CoV-2 infection. Science 2020, 370, 861–865. [CrossRef] [PubMed]
Walls, A.C.; Tortorici, M.A.; Snijder, J.; Xiong, X.; Bosch, B.J.; Rey, F.A.; Veesler, D. Tectonic conformational changes of a coronavirus
spike glycoprotein promote membrane fusion. Proc. Natl. Acad. Sci. USA 2017, 114, 11157–11162. [CrossRef]
Lai, A.L.; Millet, J.K.; Daniel, S.; Freed, J.H.; Whittaker, G.R. The SARS-CoV Fusion Peptide Forms an Extended Bipartite Fusion
Platform that Perturbs Membrane Order in a Calcium-Dependent Manner. J. Mol. Biol. 2017, 429, 3875–3892. [CrossRef] [PubMed]
Ke, Z.; Oton, J.; Qu, K.; Cortese, M.; Zila, V.; McKeane, L.; Nakane, T.; Zivanov, J.; Neufeldt, C.J.; Cerikan, B.; et al. Structures and
distributions of SARS-CoV-2 spike proteins on intact virions. Nature 2020, 588, 498–502. [CrossRef]
Wrobel, A.G.; Benton, D.J.; Xu, P.; Roustan, C.; Martin, S.R.; Rosenthal, P.B.; Skehel, J.J.; Gamblin, S.J. SARS-CoV-2 and bat
RaTG13 spike glycoprotein structures inform on virus evolution and furin-cleavage effects. Nat. Struct. Mol. Biol. 2020,
27, 763–767. [CrossRef]
Walls, A.C.; Tortorici, M.A.; Frenz, B.; Snijder, J.; Li, W.; Rey, F.A.; DiMaio, F.; Bosch, B.J.; Veesler, D. Glycan shield and epitope
masking of a coronavirus spike protein observed by cryo-electron microscopy. Nat. Struct. Mol. Biol. 2016, 23, 899–905. [CrossRef]
Zhou, D.; Tian, X.; Qi, R.; Peng, C.; Zhang, W. Identification of 22 N-glycosites on spike glycoprotein of SARS-CoV-2 and accessible
surface glycopeptide motifs: Implications for vaccination and antibody therapeutics. Glycobiology 2020, 27, 763–767. [CrossRef]
Watanabe, Y.; Allen, J.D.; Wrapp, D.; McLellan, J.S.; Crispin, M. Site-specific glycan analysis of the SARS-CoV-2 spike. Science
2020, 369, 330–333. [CrossRef]
Watanabe, Y.; Berndsen, Z.T.; Raghwani, J.; Seabright, G.E.; Allen, J.D.; Pybus, O.G.; McLellan, J.S.; Wilson, I.A.; Bowden, T.A.;
Ward, A.B.; et al. Vulnerabilities in coronavirus glycan shields despite extensive glycosylation. Nat. Commun. 2020, 11, 2688.
[CrossRef] [PubMed]
Casalino, L.; Gaieb, Z.; Goldsmith, J.A.; Hjorth, C.K.; Dommer, A.C.; Harbison, A.M.; Fogarty, C.A.; Barros, E.P.; Taylor, B.C.;
McLellan, J.S.; et al. Beyond Shielding: The Roles of Glycans in the SARS-CoV-2 Spike Protein. ACS Cent. Sci. 2020, 6, 1722–1734.
[CrossRef] [PubMed]
Li, Q.; Wu, J.; Nie, J.; Zhang, L.; Hao, H.; Liu, S.; Zhao, C.; Zhang, Q.; Liu, H.; Nie, L.; et al. The Impact of Mutations in
SARS-CoV-2 Spike on Viral Infectivity and Antigenicity. Cell 2020, 182, 1284–1294.e9. [CrossRef] [PubMed]

Viruses 2021, 13, 134

45.

46.

47.

48.
49.

50.

51.

52.

53.
54.
55.
56.
57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

21 of 24

An, Y.; McCullers, J.A.; Alymova, I.; Parsons, L.M.; Cipollo, J.F. Glycosylation Analysis of Engineered H3N2 Influenza A
Virus Hemagglutinins with Sequentially Added Historically Relevant Glycosylation Sites. J. Proteome Res. 2015, 14, 3957–3969.
[CrossRef] [PubMed]
Watanabe, Y.; Raghwani, J.; Allen, J.D.; Seabright, G.E.; Li, S.; Moser, F.; Huiskonen, J.T.; Strecker, T.; Bowden, T.A.; Crispin, M.
Structure of the Lassa virus glycan shield provides a model for immunological resistance. Proc. Natl. Acad. Sci. USA 2018,
115, 7320–7325. [CrossRef] [PubMed]
Struwe, W.B.; Chertova, E.; Allen, J.D.; Seabright, G.E.; Watanabe, Y.; Harvey, D.J.; Medina-Ramirez, M.; Roser, J.D.; Smith, R.;
Westcott, D.; et al. Site-Specific Glycosylation of Virion-Derived HIV-1 Env Is Mimicked by a Soluble Trimeric Immunogen.
Cell Rep. 2018, 24, 1958–1966.e5. [CrossRef]
Brufsky, A. Distinct viral clades of SARS-CoV-2: Implications for modeling of viral spread. J. Med. Virol. 2020. [CrossRef]
Korber, B.; Fischer, W.M.; Gnanakaran, S.; Yoon, H.; Theiler, J.; Abfalterer, W.; Hengartner, N.; Giorgi, E.E.; Bhattacharya, T.;
Foley, B.; et al. Tracking Changes in SARS-CoV-2 Spike: Evidence that D614G Increases Infectivity of the COVID-19 Virus. Cell
2020, 182, 812–827.e19. [CrossRef]
Tang, X.C.; Agnihothram, S.S.; Jiao, Y.; Stanhope, J.; Graham, R.L.; Peterson, E.C.; Avnir, Y.; Tallarico, A.S.; Sheehan, J.;
Zhu, Q.; et al. Identification of human neutralizing antibodies against MERS-CoV and their role in virus adaptive evolution.
Proc. Natl. Acad. Sci. USA 2014, 111, E2018–E2026. [CrossRef]
Sui, J.; Aird, D.R.; Tamin, A.; Murakami, A.; Yan, M.; Yammanuru, A.; Jing, H.; Kan, B.; Liu, X.; Zhu, Q.; et al. Broadening of
neutralization activity to directly block a dominant antibody-driven SARS-coronavirus evolution pathway. PLoS Pathog. 2008,
4, e1000197. [CrossRef]
ter Meulen, J.; van den Brink, E.N.; Poon, L.L.; Marissen, W.E.; Leung, C.S.; Cox, F.; Cheung, C.Y.; Bakker, A.Q.; Bogaards, J.A.;
van Deventer, E.; et al. Human monoclonal antibody combination against SARS coronavirus: Synergy and coverage of escape
mutants. PLoS Med. 2006, 3, e237. [CrossRef] [PubMed]
Rausch, J.W.; Capoferri, A.A.; Katusiime, M.G.; Patro, S.C.; Kearney, M.F. Low genetic diversity may be an Achilles heel of
SARS-CoV-2. Proc. Natl. Acad. Sci. USA 2020, 117, 24614–24616. [CrossRef] [PubMed]
Anand, P.; Puranik, A.; Aravamudan, M.; Venkatakrishnan, A.J.; Soundararajan, V. SARS-CoV-2 strategically mimics proteolytic
activation of human ENaC. Elife 2020, 9, e58603. [CrossRef] [PubMed]
Hwa, K.Y.; Lin, W.M.; Hou, Y.I.; Yeh, T.M. Peptide mimicrying between SARS coronavirus spike protein and human proteins
reacts with SARS patient serum. J. Biomed. Biotechnol. 2008, 2008, 326464. [CrossRef]
Kanduc, D.; Shoenfeld, Y. Molecular mimicry between SARS-CoV-2 spike glycoprotein and mammalian proteomes: Implications
for the vaccine. Immunol. Res. 2020, 68, 310–313. [CrossRef]
Venkatakrishnan, A.J.; Kayal, N.; Anand, P.; Badley, A.D.; Church, G.M.; Soundararajan, V. Benchmarking evolutionary tinkering
underlying human-viral molecular mimicry shows multiple host pulmonary-arterial peptides mimicked by SARS-CoV-2.
Cell Death Discov. 2020, 6, 96. [CrossRef]
Greaney, A.J.; Starr, T.N.; Gilchuk, P.; Zost, S.J.; Binshtein, E.; Loes, A.N.; Hilton, S.K.; Huddleston, J.; Eguia, R.; Crawford, K.H.D.;
et al. Complete Mapping of Mutations to the SARS-CoV-2 Spike Receptor-Binding Domain that Escape Antibody Recognition.
Cell Host Microbe 2020. [CrossRef]
Yuan, M.; Liu, H.; Wu, N.C.; Lee, C.D.; Zhu, X.; Zhao, F.; Huang, D.; Yu, W.; Hua, Y.; Tien, H.; et al. Structural basis of a shared
antibody response to SARS-CoV-2. Science 2020, 369, 1119–1123. [CrossRef]
Hurlburt, N.K.; Seydoux, E.; Wan, Y.H.; Edara, V.V.; Stuart, A.B.; Feng, J.; Suthar, M.S.; McGuire, A.T.; Stamatatos, L.; Pancera, M.
Structural basis for potent neutralization of SARS-CoV-2 and role of antibody affinity maturation. Nat. Commun. 2020,
11, 5413. [CrossRef]
Brouwer, P.J.M.; Caniels, T.G.; van der Straten, K.; Snitselaar, J.L.; Aldon, Y.; Bangaru, S.; Torres, J.L.; Okba, N.M.A.; Claireaux, M.;
Kerster, G.; et al. Potent neutralizing antibodies from COVID-19 patients define multiple targets of vulnerability. Science 2020.
[CrossRef] [PubMed]
Du, S.; Cao, Y.; Zhu, Q.; Yu, P.; Qi, F.; Wang, G.; Du, X.; Bao, L.; Deng, W.; Zhu, H.; et al. Structurally Resolved SARS-CoV2 Antibody Shows High Efficacy in Severely Infected Hamsters and Provides a Potent Cocktail Pairing Strategy. Cell 2020,
183, 1013–1023. [CrossRef] [PubMed]
Barnes, C.O.; Jette, C.A.; Abernathy, M.E.; Dam, K.A.; Esswein, S.R.; Gristick, H.B.; Malyutin, A.G.; Sharaf, N.G.;
Huey-Tubman, K.E.; Lee, Y.E.; et al. SARS-CoV-2 neutralizing antibody structures inform therapeutic strategies. Nature
2020, 588, 682–687. [CrossRef] [PubMed]
Barnes, C.O.; West, A.P., Jr.; Huey-Tubman, K.E.; Hoffmann, M.A.G.; Sharaf, N.G.; Hoffman, P.R.; Koranda, N.; Gristick, H.B.;
Gaebler, C.; Muecksch, F.; et al. Structures of Human Antibodies Bound to SARS-CoV-2 Spike Reveal Common Epitopes and
Recurrent Features of Antibodies. Cell 2020. [CrossRef] [PubMed]
Wu, N.C.; Yuan, M.; Liu, H.; Lee, C.D.; Zhu, X.; Bangaru, S.; Torres, J.L.; Caniels, T.G.; Brouwer, P.J.M.; van Gils, M.J.;
et al. An Alternative Binding Mode of IGHV3-53 Antibodies to the SARS-CoV-2 Receptor Binding Domain. Cell Rep. 2020,
33, 108274. [CrossRef]
Wu, Y.; Wang, F.; Shen, C.; Peng, W.; Li, D.; Zhao, C.; Li, Z.; Li, S.; Bi, Y.; Yang, Y.; et al. A noncompeting pair of human neutralizing
antibodies block COVID-19 virus binding to its receptor ACE2. Science 2020, 368, 1274–1278. [CrossRef]

Viruses 2021, 13, 134

67.
68.
69.

70.

71.

72.
73.

74.

75.

76.
77.

78.
79.

80.
81.
82.

83.
84.

85.
86.
87.

88.
89.
90.

22 of 24

Shi, R.; Shan, C.; Duan, X.; Chen, Z.; Liu, P.; Song, J.; Song, T.; Bi, X.; Han, C.; Wu, L.; et al. A human neutralizing antibody targets
the receptor-binding site of SARS-CoV-2. Nature 2020, 584, 120–124. [CrossRef]
Hansen, J.; Baum, A.; Pascal, K.E.; Russo, V.; Giordano, S.; Wloga, E.; Fulton, B.O.; Yan, Y.; Koon, K.; Patel, K.; et al. Studies in
humanized mice and convalescent humans yield a SARS-CoV-2 antibody cocktail. Science 2020, 369, 1010–1014. [CrossRef]
Piccoli, L.; Park, Y.J.; Tortorici, M.A.; Czudnochowski, N.; Walls, A.C.; Beltramello, M.; Silacci-Fregni, C.; Pinto, D.; Rosen, L.E.;
Bowen, J.E.; et al. Mapping Neutralizing and Immunodominant Sites on the SARS-CoV-2 Spike Receptor-Binding Domain by
Structure-Guided High-Resolution Serology. Cell 2020, 183, 1024–1042.e21. [CrossRef]
Kreye, J.; Reincke, S.M.; Kornau, H.C.; Sánchez-Sendin, E.; Corman, V.M.; Liu, H.; Yuan, M.; Wu, N.C.; Zhu, X.; Lee, C.D.; et al. A
Therapeutic Non-self-reactive SARS-CoV-2 Antibody Protects from Lung Pathology in a COVID-19 Hamster Model. Cell 2020,
183, 1058–1069.e19. [CrossRef]
Tortorici, M.A.; Beltramello, M.; Lempp, F.A.; Pinto, D.; Dang, H.V.; Rosen, L.E.; McCallum, M.; Bowen, J.; Minola, A.; Jaconi, S.;
et al. Ultrapotent human antibodies protect against SARS-CoV-2 challenge via multiple mechanisms. Science 2020, 370, 950–957.
[CrossRef] [PubMed]
Ju, B.; Zhang, Q.; Ge, J.; Wang, R.; Sun, J.; Ge, X.; Yu, J.; Shan, S.; Zhou, B.; Song, S.; et al. Human neutralizing antibodies elicited
by SARS-CoV-2 infection. Nature 2020, 584, 115–119. [CrossRef] [PubMed]
Huo, J.; Le Bas, A.; Ruza, R.R.; Duyvesteyn, H.M.E.; Mikolajek, H.; Malinauskas, T.; Tan, T.K.; Rijal, P.; Dumoux, M.; Ward, P.N.;
et al. Neutralizing nanobodies bind SARS-CoV-2 spike RBD and block interaction with ACE2. Nat. Struct. Mol. Biol. 2020,
27, 846–854. [CrossRef]
Custodio, T.F.; Das, H.; Sheward, D.J.; Hanke, L.; Pazicky, S.; Pieprzyk, J.; Sorgenfrei, M.; Schroer, M.A.; Gruzinov, A.Y.;
Jeffries, C.M.; et al. Selection, biophysical and structural analysis of synthetic nanobodies that effectively neutralize SARS-CoV-2.
Nat. Commun. 2020, 11, 5588. [CrossRef]
Hanke, L.; Vidakovics Perez, L.; Sheward, D.J.; Das, H.; Schulte, T.; Moliner-Morro, A.; Corcoran, M.; Achour, A.; Karlsson Hedestam, G.B.; Hällberg, B.M.; et al. An alpaca nanobody neutralizes SARS-CoV-2 by blocking receptor interaction.
Nat. Commun. 2020, 11, 4420. [CrossRef] [PubMed]
Liu, L.; Wang, P.; Nair, M.S.; Yu, J.; Rapp, M.; Wang, Q.; Luo, Y.; Chan, J.F.; Sahi, V.; Figueroa, A.; et al. Potent neutralizing
antibodies directed to multiple epitopes on SARS-CoV-2 spike. Nature 2020, 584, 450–456. [CrossRef]
Cao, Y.; Su, B.; Guo, X.; Sun, W.; Deng, Y.; Bao, L.; Zhu, Q.; Zhang, X.; Zheng, Y.; Geng, C.; et al. Potent neutralizing
antibodies against SARS-CoV-2 identified by high-throughput single-cell sequencing of convalescent patients’ B cells. Cell 2020,
182, 73–84.e16. [CrossRef] [PubMed]
Xiang, Y.; Nambulli, S.; Xiao, Z.; Liu, H.; Sang, Z.; Duprex, W.P.; Schneidman-Duhovny, D.; Zhang, C.; Shi, Y. Versatile, Multivalent
Nanobody Cocktails Efficiently Neutralize SARS-CoV-2. Science 2020, 370, 1479–1484.
Schoof, M.; Faust, B.; Saunders, R.A.; Sangwan, S.; Rezelj, V.; Hoppe, N.; Boone, M.; Billesbolle, C.B.; Puchades, C.;
Azumaya, C.M.; et al. An ultrapotent synthetic nanobody neutralizes SARS-CoV-2 by stabilizing inactive Spike. Science 2020,
370, 1473–1479. [CrossRef]
Pinto, D.; Park, Y.J.; Beltramello, M.; Walls, A.C.; Tortorici, M.A.; Bianchi, S.; Jaconi, S.; Culap, K.; Zatta, F.; De Marco, A.; et al.
Cross-neutralization of SARS-CoV-2 by a human monoclonal SARS-CoV antibody. Nature 2020, 583, 290–295. [CrossRef]
Huo, J.; Zhao, Y.; Ren, J.; Zhou, D.; Duyvesteyn, H.M.E.; Ginn, H.M.; Carrique, L.; Malinauskas, T.; Ruza, R.R.; Shah, P.N.M.; et al.
Neutralization of SARS-CoV-2 by Destruction of the Prefusion Spike. Cell Host Microbe 2020, 28, 445–454.e6. [CrossRef] [PubMed]
Zhou, D.; Duyvesteyn, H.M.E.; Chen, C.P.; Huang, C.G.; Chen, T.H.; Shih, S.R.; Lin, Y.C.; Cheng, C.Y.; Cheng, S.H.; Huang, Y.C.;
et al. Structural basis for the neutralization of SARS-CoV-2 by an antibody from a convalescent patient. Nat. Struct. Mol. Biol.
2020, 27, 950–958. [CrossRef] [PubMed]
Lv, Z.; Deng, Y.Q.; Ye, Q.; Cao, L.; Sun, C.Y.; Fan, C.; Huang, W.; Sun, S.; Sun, Y.; Zhu, L.; et al. Structural basis for neutralization
of SARS-CoV-2 and SARS-CoV by a potent therapeutic antibody. Science 2020, 369, 1505–1509. [CrossRef] [PubMed]
Wrapp, D.; De Vlieger, D.; Corbett, K.S.; Torres, G.M.; Wang, N.; Van Breedam, W.; Roose, K.; van Schie, L.; VIB-CMB COVID-19
Response Team; Hoffmann, M.; et al. Structural Basis for Potent Neutralization of Betacoronaviruses by Single-Domain Camelid
Antibodies. Cell 2020, 181, 1436–1441. [CrossRef] [PubMed]
Chi, X.; Yan, R.; Zhang, J.; Zhang, G.; Zhang, Y.; Hao, M.; Zhang, Z.; Fan, P.; Dong, Y.; Yang, Y.; et al. A neutralizing human
antibody binds to the N-terminal domain of the Spike protein of SARS-CoV-2. Science 2020, 369, 650–655. [CrossRef] [PubMed]
Yuan, M.; Wu, N.C.; Zhu, X.; Lee, C.D.; So, R.T.Y.; Lv, H.; Mok, C.K.P.; Wilson, I.A. A highly conserved cryptic epitope in the
receptor binding domains of SARS-CoV-2 and SARS-CoV. Science 2020, 368, 630–633. [CrossRef]
Pallesen, J.; Wang, N.; Corbett, K.S.; Wrapp, D.; Kirchdoerfer, R.N.; Turner, H.L.; Cottrell, C.A.; Becker, M.M.; Wang, L.; Shi, W.;
et al. Immunogenicity and structures of a rationally designed prefusion MERS-CoV spike antigen. Proc. Natl. Acad. Sci. USA
2017, 114, E7348–E7357. [CrossRef]
Wrobel, A.G.; Benton, D.J.; Hussain, S.; Harvey, R.; Martin, S.R.; Roustan, C.; Rosenthal, P.B.; Skehel, J.J.; Gamblin, S.J. Antibodymediated disruption of the SARS-CoV-2 spike glycoprotein. Nat. Commun. 2020, 11, 5337. [CrossRef]
Zhou, H.; Chen, Y.; Zhang, S.; Niu, P.; Qin, K.; Jia, W.; Huang, B.; Zhang, S.; Lan, J.; Zhang, L.; et al. Structural definition of a
neutralization epitope on the N-terminal domain of MERS-CoV spike glycoprotein. Nat. Commun. 2019, 10, 3068. [CrossRef]
Wang, N.; Rosen, O.; Wang, L.; Turner, H.L.; Stevens, L.J.; Corbett, K.S.; Bowman, C.A.; Pallesen, J.; Shi, W.; Zhang, Y.; et al.
Structural Definition of a Neutralization-Sensitive Epitope on the MERS-CoV S1-NTD. Cell Rep. 2019, 28, 3395–3405.e6. [CrossRef]

Viruses 2021, 13, 134

91.
92.

93.
94.

95.
96.

97.

98.
99.
100.
101.

102.

103.

104.

105.
106.

107.
108.
109.

110.
111.

112.
113.
114.

23 of 24

Ekiert, D.C.; Bhabha, G.; Elsliger, M.A.; Friesen, R.H.; Jongeneelen, M.; Throsby, M.; Goudsmit, J.; Wilson, I.A. Antibody
recognition of a highly conserved influenza virus epitope. Science 2009, 324, 246–251. [CrossRef] [PubMed]
Corti, D.; Voss, J.; Gamblin, S.J.; Codoni, G.; Macagno, A.; Jarrossay, D.; Vachieri, S.G.; Pinna, D.; Minola, A.; Vanzetta, F.; et al. A
neutralizing antibody selected from plasma cells that binds to group 1 and group 2 influenza A hemagglutinins. Science 2011,
333, 850–856. [CrossRef] [PubMed]
Verkoczy, L.; Kelsoe, G.; Haynes, B.F. HIV-1 envelope gp41 broadly neutralizing antibodies: Hurdles for vaccine development.
PLoS Pathog. 2014, 10, e1004073. [CrossRef] [PubMed]
Bonsignori, M.; Kreider, E.F.; Fera, D.; Meyerhoff, R.R.; Bradley, T.; Wiehe, K.; Alam, S.M.; Aussedat, B.; Walkowicz, W.E.;
Hwang, K.K.; et al. Staged induction of HIV-1 glycan-dependent broadly neutralizing antibodies. Sci. Transl. Med. 2017,
9, eaai7514. [CrossRef]
Lee, J.H.; de Val, N.; Lyumkis, D.; Ward, A.B. Model Building and Refinement of a Natively Glycosylated HIV-1 Env Protein by
High-Resolution Cryoelectron Microscopy. Structure 2015, 23, 1943–1951. [CrossRef]
Mouquet, H.; Scharf, L.; Euler, Z.; Liu, Y.; Eden, C.; Scheid, J.F.; Halper-Stromberg, A.; Gnanapragasam, P.N.; Spencer, D.I.;
Seaman, M.S.; et al. Complex-type N-glycan recognition by potent broadly neutralizing HIV antibodies. Proc. Natl. Acad. Sci. USA
2012, 109, E3268–E3277. [CrossRef]
Doria-Rose, N.A.; Schramm, C.A.; Gorman, J.; Moore, P.L.; Bhiman, J.N.; DeKosky, B.J.; Ernandes, M.J.; Georgiev, I.S.;
Kim, H.J.; Pancera, M.; et al. Developmental pathway for potent V1V2-directed HIV-neutralizing antibodies. Nature 2014,
509, 55–62. [CrossRef]
Scharf, L.; Scheid, J.F.; Lee, J.H.; West, A.P., Jr.; Chen, C.; Gao, H.; Gnanapragasam, P.N.; Mares, R.; Seaman, M.S.; Ward, A.B.; et al.
Antibody 8ANC195 reveals a site of broad vulnerability on the HIV-1 envelope spike. Cell Rep. 2014, 7, 785–795. [CrossRef]
Huang, J.; Kang, B.H.; Pancera, M.; Lee, J.H.; Tong, T.; Feng, Y.; Imamichi, H.; Georgiev, I.S.; Chuang, G.Y.; Druz, A.; et al. Broad
and potent HIV-1 neutralization by a human antibody that binds the gp41–gp120 interface. Nature 2014, 515, 138–142. [CrossRef]
Wibmer, C.K.; Moore, P.L.; Morris, L. HIV broadly neutralizing antibody targets. Curr. Opin. HIV AIDS 2015, 10, 135–143. [CrossRef]
Pak, J.E.; Sharon, C.; Satkunarajah, M.; Auperin, T.C.; Cameron, C.M.; Kelvin, D.J.; Seetharaman, J.; Cochrane, A.; Plummer, F.A.;
Berry, J.D.; et al. Structural insights into immune recognition of the severe acute respiratory syndrome coronavirus S protein
receptor binding domain. J. Mol. Biol. 2009, 388, 815–823. [CrossRef] [PubMed]
Prabakaran, P.; Gan, J.; Feng, Y.; Zhu, Z.; Choudhry, V.; Xiao, X.; Ji, X.; Dimitrov, D.S. Structure of severe acute respiratory
syndrome coronavirus receptor-binding domain complexed with neutralizing antibody. J. Biol. Chem. 2006, 281, 15829–15836.
[CrossRef] [PubMed]
Hwang, W.C.; Lin, Y.; Santelli, E.; Sui, J.; Jaroszewski, L.; Stec, B.; Farzan, M.; Marasco, W.A.; Liddington, R.C. Structural
basis of neutralization by a human anti-severe acute respiratory syndrome spike protein antibody, 80R. J. Biol. Chem. 2006,
281, 34610–34616. [CrossRef] [PubMed]
Jaimes, J.A.; Andre, N.M.; Chappie, J.S.; Millet, J.K.; Whittaker, G.R. Phylogenetic Analysis and Structural Modeling of SARS-CoV2 Spike Protein Reveals an Evolutionary Distinct and Proteolytically Sensitive Activation Loop. J. Mol. Biol. 2020, 432, 3309–3325.
[CrossRef] [PubMed]
Zost, S.J.; Gilchuk, P.; Case, J.B.; Binshtein, E.; Chen, R.E.; Nkolola, J.P.; Schäfer, A.; Reidy, J.X.; Trivette, A.; Nargi, R.S.; et al.
Potently neutralizing and protective human antibodies against SARS-CoV-2. Nature 2020, 584, 443–449. [CrossRef]
Baum, A.; Fulton, B.O.; Wloga, E.; Copin, R.; Pascal, K.E.; Russo, V.; Giordano, S.; Lanza, K.; Negron, N.; Ni, M.; et al.
Antibody cocktail to SARS-CoV-2 spike protein prevents rapid mutational escape seen with individual antibodies. Science 2020,
369, 1014–1018. [CrossRef]
Weisblum, Y.; Schmidt, F.; Zhang, F.; DaSilva, J.; Poston, D.; Lorenzi, J.C.; Muecksch, F.; Rutkowska, M.; Hoffmann, H.H.;
Michailidis, E.; et al. Escape from neutralizing antibodies by SARS-CoV-2 spike protein variants. Elife 2020, 9, e61312. [CrossRef]
Li, W.; Schafer, A.; Kulkarni, S.S.; Liu, X.; Martinez, D.R.; Chen, C.; Sun, Z.; Leist, S.R.; Drelich, A.; Zhang, L.; et al. High Potency
of a Bivalent Human VH Domain in SARS-CoV-2 Animal Models. Cell 2020, 183, 429–441.e16. [CrossRef]
Wec, A.Z.; Nyakatura, E.K.; Herbert, A.S.; Howell, K.A.; Holtsberg, F.W.; Bakken, R.R.; Mittler, E.; Christin, J.R.; Shulenin, S.;
Jangra, R.K.; et al. A "Trojan horse" bispecific-antibody strategy for broad protection against ebolaviruses. Science 2016,
354, 350–354. [CrossRef]
Padte, N.N.; Yu, J.; Huang, Y.; Ho, D.D. Engineering multi-specific antibodies against HIV-1. Retrovirology 2018, 15, 60. [CrossRef]
Rogers, T.F.; Zhao, F.; Huang, D.; Beutler, N.; Burns, A.; He, W.T.; Limbo, O.; Smith, C.; Song, G.; Woehl, J.; et al. Isolation of
potent SARS-CoV-2 neutralizing antibodies and protection from disease in a small animal model. Science 2020, 369, 956–963.
[CrossRef] [PubMed]
Taylor, A.; Foo, S.S.; Bruzzone, R.; Dinh, L.V.; King, N.J.; Mahalingam, S. Fc receptors in antibody-dependent enhancement of
viral infections. Immunol. Rev. 2015, 268, 340–364. [CrossRef]
Iwasaki, A.; Yang, Y. The potential danger of suboptimal antibody responses in COVID-19. Nat. Rev. Immunol. 2020, 20, 339–341.
[CrossRef] [PubMed]
Liu, L.; Wei, Q.; Lin, Q.; Fang, J.; Wang, H.; Kwok, H.; Tang, H.; Nishiura, K.; Peng, J.; Tan, Z.; et al. Anti-spike IgG causes
severe acute lung injury by skewing macrophage responses during acute SARS-CoV infection. JCI Insight 2019, 4, e123158.
[CrossRef] [PubMed]

Viruses 2021, 13, 134

24 of 24

115. Lee, W.S.; Wheatley, A.K.; Kent, S.J.; DeKosky, B.J. Antibody-dependent enhancement and SARS-CoV-2 vaccines and therapies.
Nat. Microbiol. 2020, 5, 1185–1191. [CrossRef]
116. The IMpact-RSV Study Group. Palivizumab, a humanized respiratory syncytial virus monoclonal antibody, reduces hospitalization from respiratory syncytial virus infection in high-risk infants. Pediatrics 1998, 102, 531–537. [CrossRef]
117. Caskey, M.; Schoofs, T.; Gruell, H.; Settler, A.; Karagounis, T.; Kreider, E.F.; Murrell, B.; Pfeifer, N.; Nogueira, L.; Oliveira, T.Y.;
et al. Antibody 10-1074 suppresses viremia in HIV-1-infected individuals. Nat. Med. 2017, 23, 185–191. [CrossRef]
118. Mulangu, S.; Dodd, L.E.; Davey, R.T., Jr.; Tshiani Mbaya, O.; Proschan, M.; Mukadi, D.; Lusakibanza Manzo, M.; Nzolo, D.;
Tshomba Oloma, A.; Ibanda, A.; et al. A Randomized, Controlled Trial of Ebola Virus Disease Therapeutics. N. Engl. J. Med. 2019,
381, 2293–2303. [CrossRef]
119. Saunders, K.O. Conceptual Approaches to Modulating Antibody Effector Functions and Circulation Half-Life. Front. Immunol.
2019, 10, 1296. [CrossRef]
120. Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Perez Marc, G.; Moreira, E.D.; Zerbini, C.;
et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N. Engl. J. Med. 2020, 383, 2603–2615. [CrossRef]
121. Jackson, L.A.; Roberts, P.C.; Graham, B.S. A SARS-CoV-2 mRNA Vaccine—Preliminary Report. Reply. N. Engl. J. Med. 2020,
383, 1191–1192. [CrossRef] [PubMed]

